For certain applications, the early-age dimensional stability of concrete can significantly affect aesthetics and longterm durability performance. The combined effects of plastic settlement, plastic shrinkage and autogenous shrinkage in fresh and hardening concrete will depend on mix proportions, constituent materials and environmental conditions as well as levels of crack inducing restraint. A new linear test method has been developed for measuring early-age shrinkage in concrete to allow investigation of the effects of new constituents on early volume stability. Single operator repeatability under laboratory conditions was investigated and the sensitivity of the test to varying temperature (208C AE 28C and 408C AE 28C), relative humidity (10% AE 2%, 50% AE 5%, 95% AE 5%) and wind velocity (7 . 5 km/h) was also determined. The test method was deemed suitable for use as a tool to measure the influence of new types of cements and aggregates on the early-age volume stability of concrete.
Introduction
Concrete often undergoes high levels of volume changes in its early age through a combination of moisture movement and thermal gradients owing to the hydration process or by loss of moisture to the substrate or evaporation to the atmosphere. 1 When restraint is present in the form of reinforcement or a substrate, cracking can occur and is particularly prevalent in early ages as concrete has little inherent tensile strength. 2 Early-age shrinkage is largely attributable to a combination of plastic shrinkage, plastic settlement and autogenous shrinkage and can cause significant cracking, compromising the durability and performance of concrete. 3 Free mix water moves towards the cast surface as the concrete is compacted and will evaporate in atmospheres of low relative humidity (RH). As the water moves through the concrete, capillary forces are formed inducing tensile stresses leading to shrinkage of concrete. 4 In addition, autogenous shrinkage, the bulk deformation of a closed isothermal cementitious material system 5 and chemical shrinkage, the volume reduction associated with cement hydration 6 can also influence early-age shrinkage.
A number of studies have examined the early-age shrinkage cracking in concrete; [7] [8] [9] [10] [11] [12] [13] [14] [15] however, recent developments in concrete technology mean that a wider-range of cement and aggregate types are now being used, and understanding of the influence of these materials on early-age shrinkage is vital to enable competent concrete mix design and long-term performance; and to assist engineers in designing concrete mixes with minimal shrinkage. Consistent with the approach to other concrete properties, the most practical way of determining the effect of new constituent materials on early-age shrinkage is through standard tests. A review of the literature has shown, however, that a reliable method for measuring early-age shrinkage does not exist. This paper describes the development of a linear measurement test method for determining the early-age shrinkage of concrete.
Review of selected published test methods
A detailed review of selected published shrinkage and shrinkage-cracking test methods was undertaken to examine the developments in test methodologies for measuring shrinkage and shrinkage related cracking. An initial review of test methods found that methodologies could be grouped into unrestrained and restrained shrinkage test methods. Table 1 details the main test methods which have focused on unrestrained shrinkage in concrete. The tests were based on the use of prism or slab specimens and although initially focused on mortar, they have been further developed to investigate concrete. The main principle of these test methods was to measure the movement of embedded studs or metal plates using dial gauges 14 or linear variable displacement transformers (LVDTs). 16, 17 More recently developed methods not only measure horizontal movement, but also vertical settlement, 18, 19 although the repeatability and precision of the methods are unknown.
Unrestrained shrinkage test methods

Restrained shrinkage test methods
Restrained shrinkage test methods have focused on measurements of shrinkage-related cracking rather than the shrinkage mechanism itself. Test methods have primarily used ring-shaped specimens (Table 2) , slab specimens (Table 3) or prism specimens (Table 4) . In some cases, tests have been carried out on mortar; 10 however most have focused on shrinkage cracking in concrete. Some methods measured shrinkage strains 21, 23 whereas others inferred shrinkage from crack areas, 12 crack lengths and widths, 8, 23, 24 time to crack initiation 13 and crack image analysis. 15 In all cases, however, the precision and repeatability of the test methods is unknown.
Development of an unrestrained linear test method
The literature review revealed the need for a reliable test method that could be used to (a) determine the effects of constituent materials and (b) examine the effects of varying the test conditions, on early-age shrinkage. The study focused on the development of an unrestrained linear shrinkage test method that would determine early-age shrinkage as a combination of plastic and autogenous shrinkage. It was decided that for simplicity only linear measurements were necessary since on the basis of Power's 25 fundamental concept of early-age shrinkage the magnitude and duration of vertical shrinkage are very small when compared to length changes.
Test apparatus developed for a previous study (Private Communication, B. Partridge, 2006) on microstrain in cement pastes, liquors and sludges was adopted and modified for use as a tool to measure early shrinkage strains in concrete. The test apparatus used are shown in Fig. 1 . A triangular steel mould of dimensions, 380 3 110 3 50 mm was used, as shown in Fig.  2 . The steel mould had a fixed-end and a moveable stop-end with steel pins to ensure good contact with the concrete. A triangular mould was chosen to reduce the surface area of the fresh concrete and hence reduce friction effects between the mould and concrete, and also to reduce the potential for eccentricity within the longitudinal specimen. Movement owing to shrinkage was measured using a LVDT with an accuracy of 0 . 15 ìm. Two moulds were used for each test and the mean shrinkage taken as the result.
The test method was carried out in sequential steps as shown in Fig. 3. (a) The triangular section moulds were prepared using silicone and oil to reduce the friction between mould and the concrete. (b) The inner face of the mould, which is in contact with the apex of the inverted triangle, was sealed with grease to prevent any mortar leakage and reduce friction on the triangular wedge. (c) A stainless steel insert was used to key the test material to the stop-end of the mould and the LVDT was placed to ensure constant contact with the tip of the steel insert. (d ) The fresh concrete was placed into the mould and lightly compacted using a vibration table for 15 s. (e) The steel plate which rests on the movable end was removed by loosening the screws, before clamping screws were removed. ( f ) Once the test material had achieved sufficient stiffness (typically after 5-15 min), the clamping screws on the stop-end were released and the shrinkage of the material was continuously measured by a data logger attached to the LVDT bearing directly on the stop-end. (g) Tests were carried out for 10 h, and length change was measured every 10 s.
Materials and mix proportions for experimental study
The experimental programme was split into two main phases. In the first phase the test method was examined for single operator repeatability under standard laboratory conditions. The second phase consisted of examining the sensitivity of the test method to changes in environmental conditions namely temperature and evaporation rate.
Constituent materials and mix proportions
A single supply of class 42 . 5N CEM I conforming to BS EN 197-1 26 was used. Natural sand (0/4 mm) of medium grading (MP) was used as fine aggregate, and 4/10 mm gravel aggregates were used as coarse aggregate throughout the study. All aggregates conformed to BS EN 12620. 27 The chemical and physical composition of CEM I are given in Tables 5 and 6 respectively. Aggregate properties are given in Table 7 . A single concrete mix was used to determine repeatability and the effect of environmental conditions on early-age shrinkage. The mix was designed using Building Research Establishment (BRE) mix design method 34 for a Newlands et al. Shrinkage measurement carried out continuously by movement of studs penetrating into the concrete. Capillary pressure measured using plastic hoses connected to pressure transducer.
Early-age shrinkage magnitudes were measured. LVDT and pressure transducers were connected to PC for making measurements.
Aggregate restraint on the moving studs might affect shrinkage reading.
Repeatability not given. Shrinkage measured continuously using LVTDs and recorded using data acquisition system. LVDTs were attached to studs on four sides of the specimen which were embedded to half the depth of the specimen.
Early-age shrinkage magnitudes were measured. Surface area to volume ratio simulated actual condition. Non-absorptive forms were used for moulds.
Repeatability not given. Aggregate restraint on the moving studs might affect shrinkage reading. Shrinkage measured in terms of initiation of cracks and total crack areas.
(the length and average width were expressed as total crack area) using a crack comparator.
Restraint provided with a steel ring in slab to induce cracking.
Magnitude of shrinkage not known.
Repeatability not given. Restraint provided on one end of the specimen with fixed grip as the shrinkage was measured on free grip allowed to move on the other end.
Repeatability not given.
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water/cement (w/c) ratio of 0 . 5. The mix proportions are shown with selected concrete properties in Table 8 .
Single operator repeatability study of linear test method
The single operator repeatability of the test method was determined by testing ten nominally similar batches of concrete under the same laboratory conditions (20 AE 28C and 50 AE 5% RH.). Two prisms were tested for each batch and the shrinkage expressed as the mean. Table 9 shows the analysis of the results for the two single prism specimens and the calculated mean values. Although the shrinkage was continuously measured, the results expressed here are measurements taken at 2, 4, 6, 8 and 10 h to investigate the variation in repeatability with time. The results show that although the coefficient of variation is high in the early stages of the test (V ¼ 44%), it reduced as the test proceeds to up to 10 h. This is primarily a function of the magnitude of the shrinkage at the early stages with small variations being magnified. At 10 h the standard deviation across the ten test mixes was 0 . 024 mm/m and 0 . 021 mm/m for the two test specimens. The mean coefficient of variation across the two specimens was 4 . 8%. Analysis of the repeatability limit, r of the test method in accordance with ISO 5725-2 38 showed that at 10 h the test had a repeatability limit of 0 . 056 mm/m, equating to a percentage repeatability of 13 . 5% at a 95% confidence level. The repeatability limits were deemed satisfactory and showed the test had the potential to be used as a tool for examining the early-age shrinkage of concrete.
Sensitivity of linear test method to environmental conditions
The sensitivity of the test method to changes in environmental conditions was examined by conducting early-age shrinkage measurements for 10 h in the following three exposure environments (Fig. 4) (a) Exposure environment 1: Standard laboratory conditions, 20 AE 28C and 50 AE 5% RH (b) Exposure environment 2: Standard laboratory temperature 20 AE 28C, with completely sealed conditions, .95% RH (c) Exposure environment 3: Increased temperature 40 AE 28C, 10 AE 5% RH, and exposure to a wind velocity of 7 . 5 AE 0 . 5 km/h.
Monitoring of environmental conditions
Bleeding of the concrete was measured on a fresh concrete sample in a cylindrical container of 250 mm diameter 3 200 mm in accordance with BS EN 480-4. 39 The evaporation rates within the three test environments were monitored by constantly measuring the mass change of a 100 mm diameter cylindrical container containing deionised/distilled water with a free water surface of area 7854 mm 2 . Measurement of evaporation rate from the concrete surface was not measured due to doubts over the accuracy of measuring the true exposed surface area of the fresh concrete. The wind velocity of the fans was measured using a digital anemometer and temperature and relative humidity measured using a digital hygro-thermometer.
Sensitivity results
The results of the tests carried out in three exposure conditions are shown in Fig. 5 . The tests showed that there was a significant difference in the magnitudes of early shrinkage at 10 h ranging from 0 . 03 mm/m in Newlands et al.
sealed conditions to 0 . 93 mm/m in conditions with increased temperature and exposure to wind. In exposure environment 1, the evaporation rate (0 . 20 kg/m 2 /h) was slightly higher than the bleeding rate (0 . 15 kg/m 2 / h) and therefore the early-age shrinkage was attributed mainly to plastic shrinkage. The shrinkage in exposure environment 3 was attributed to autogenous shrinkage as the evaporation rate was negligible compared to the bleeding rate. In exposure environment 3, the effects were attributed to plastic shrinkage effects as the evaporation rate was increased owing to the wind velocity and temperature. 
Conclusions
The work presented here reviewed current test methods for measuring early-age shrinkage of concrete and developed a new linear test method. The test method has sufficient sensitivity to assess the effects of varying the environmental conditions, and the repeatability is such that it will be able to assess the effects of different types of constituent materials on the shrinkage of concrete. Conclusions that can be drawn from the work are outlined below.
(a) A review of previous and current test methods revealed the need for a repeatable test method. Previous test methods had either focussed on shrinkage cracking or unrestrained shrinkage, although in most cases the repeatability of the test methods were unknown. (b) The new unrestrained test method was based on linear shrinkage, as this was more significant than the effects of horizontal movement, and used a triangular mould to minimise variability owing to eccentricity. A single operator repeatability study showed the method had a coefficient of variation of 4 . 5% and a repeatability of 13 . 5% indicating its potential for use as a tool for reliably measuring early-age shrinkage. (c) The test was shown to be sensitive to changes in environmental conditions and was able to detect and measure changes in shrinkage owing to variations in temperature, relative humidity and wind velocity. 
